Objective-The accumulation of unfolded protein in the endoplasmic reticulum (ER) initiates an adaptive stress response, termed the unfolded protein response. Previous studies suggested that ER stress might be involved in the formation of neointima after vascular injury. We recently discovered a novel regulator of ER stress, 78-kDa glucose-regulated protein-interacting protein induced by ER stress (Gipie). The objective of this study was to elucidate the role of Gipie using models of vascular disease. Approach and Results-We investigated the functions of Gipie in cultured vascular smooth muscle cells (VSMCs) and
I schemic heart disease is the most common cause of death worldwide, despite the fact that much effort has been expended in this area to improve the detection and treatment of the disease. 1 The improvements in the techniques and the devices used for percutaneous coronary intervention (PCI) have improved the clinical outcomes of patients with ischemic heart disease. However, vascular injury that occurs during PCI induces the release of growth factors and cytokines that promote the phenotype transition, migration, and proliferation of vascular smooth muscle cells (VSMCs), resulting in neointima formation. 2, 3 Thus, it is well established that VSMCs play a central role in restenosis after PCI. Drug-eluting stent treatment targeting the neointima formation has significantly reduced the incidence of restenosis 4 and has expanded the indications for PCI for complex coronary artery lesions. However, various issues, which include restenosis in small vessels, diabetic patients and late thrombosis, have emerged. Therefore, a novel approach to reduce restenosis after PCI is highly desired. 5 The endoplasmic reticulum (ER) is an essential organelle required for the folding and maturation of newly synthesized secretory and transmembrane proteins. Several biochemical and physiological conditions interfere with the correct folding of proteins, leading to the accumulation of unfolded or misfolded proteins in the ER. These conditions are called ER stress and elicit stress response signaling, collectively termed the unfolded protein response (UPR). 6 The UPR is regulated by 3 stress sensor proteins located at the ER membrane; inositol-requiring protein 1α (IRE1α), protein kinase regulated by RNA-like ER kinase, and activating transcription factor 6. The UPR signaling reduces the protein load that enters the ER and increases the protein folding capacity, attempting to reestablish and maintain the homeostasis of the ER. 7 However, when homeostasis cannot be re-established, the UPR leads to cell apoptosis. ER stress has been considered to play a key role in the pathogenesis of several diseases, such as neurological diseases, diabetes mellitus, and atherosclerosis. [8] [9] [10] Our previous study suggested that ER stress was induced in the neointima formed after vascular injury, although its biological significance in this process has been unclear. 11 Seventy-eight-kDa glucose-regulated protein (GRP78)interacting protein induced by ER stress was recently identified as a family member of the Girdin/ccdc88a protein that is an actin binding protein and Akt substrate. 11 The function of Gipie is distinct from that of Girdin because of the low homology between the functional C-terminal domains of the proteins, with Girdin known to regulate cellular motility and endocytosis. 12, 13 We found that Gipie localizes at the ER and Golgi apparatus, and it forms a complex with GRP78 and IRE1α through its C-terminal domain in endothelial cells, where it stabilizes the interaction between GRP78 and IRE1α, reducing the c-Jun N-terminal kinase (JNK) activation and cell death induced by chemical ER stress. However, the roles of Gipie in VSMCs and vascular disease models have been not investigated to date.
Therefore, in this study, we investigated the functions of Gipie in VSMCs and in a rat carotid artery balloon injury model. We confirmed the expression of Gipie in human VSMCs (hVSMCs) and evaluated its biological functions under physiological and ER stress conditions. We also evaluated the involvement of Gipie in the neointima formation after vascular injury in the rat model. Our data suggest that Gipie participates in the signal transduction downstream of IRE1α and influences the function of the ER in VSMCs under physiological and ER stress conditions, which controls the cellular response to ER stress. Moreover, we reveal that the expression of Gipie increased over time with ER stress after balloon injury, and Gipie regulated the extent of neointimal thickening. Our data indicate that Gipie is a novel regulator of ER stress in VSMCs and contributes to the vascular remodeling process.
Materials and Methods
Materials and Methods are available in the online-only Data Supplement.
Results

Gipie Is Expressed Predominantly in the Synthetic Type hVSMCs
We initially investigated the expression of Gipie in both the synthetic and contractile hVSMCs. The finding of calponin expression indicates that VSMCs exhibit a contractile phenotype. 14 A Western blot analysis showed that Gipie was expressed in synthetic phenotype hVSMCs, which was confirmed by Gipie depletion using small interfering RNA against Gipie ( Figure 1A ). On the other hand, the expression of Gipie was faint or undetectable in the contractile phenotype hVSMCs. We also confirmed the expression of Girdin, a member of the same protein family as Gipie, in the hVSMCs. The results showed that the Girdin expression did not depend on the phenotype of hVSMCs or the knockdown of Gipie, suggesting that the functions of the 2 proteins were dissimilar.
We next investigated the subcellular distribution of Gipie in the synthetic phenotype hVSMCs by double fluorescence immunocytochemistry with an anti-Gipie antibody and an anti-GM130 (a marker for Golgi apparatus), an anti-protein disulfide isomerase (a marker for ER) or an anti-KDEL (lysine-aspartate-glutamate-leucine) antibody (GRP78). Gipie was localized in the perinuclear region and colocalized with GM130 ( Figure 1B) . Gipie was also observed in the cytoplasm with a lace-like pattern, where it partially colocalized with protein disulfide isomerase and KDEL. These data showed that Gipie was localized in the Golgi apparatus and the ER, where it interacted with GRP78, as observed in endothelial cells. 11
Gipie Is Involved in the UPR and Regulates the Phosphorylation of JNK
We examined the induction of Gipie in hVSMCs under ER stress caused by thapsigargin, which is an agent that elicits ER stress by inhibiting the ER Ca 2+ -ATPase. We cultured the synthetic phenotype hVSMCs and treated them with thapsigargin at 1 μmol/L for ≤24 hours. The Western blot analyses showed that the Gipie expression increased under ER stress, peaked at 10 hours after thapsigargin treatment, and decreased to nearly the basal level at 24 hours ( Figure 1C ). The expression of Gipie in contractile hVSMCs was also augmented by thapsigargin ( Figure IA in the online-only Data Supplement). We also confirmed the activation of ER-related signaling pathways under this condition ( Figure 1C ).
To evaluate the effect of Gipie on ER-related signaling pathways, hVSMCs transfected with either a Gipie-targeted small interfering RNA or control small interfering RNA were incubated with or without thapsigargin. The Western blot analyses showed that the knockdown of Gipie significantly increased the phosphorylation level of JNK in both the presence and absence of thapsigargin compared with the control ( Figure 1D ). Although it is known that the phosphorylation of JNK is induced by the activation of IRE1α, which simultaneously promotes nonconventional splicing of X-box binding protein 1 mRNA, Gipie depletion did not affect the phosphorylation level of IRE1α or the splicing of X-box binding protein 1. Moreover, the phosphorylation or expression levels of other ER-related proteins were not influenced by Gipie knockdown. We investigated whether Gipie knockdown affects the phenotype change of hVSMCs. The result showed that Gipie had no effect on the phenotype change of hVSMCs ( Figure  IB in the online-only Data Supplement). These data indicated that Gipie knockdown specifically increased the phosphorylation level of JNK in ER-related signaling pathways. Some studies have reported the crosstalk between ER stress and autophagy in fibroblasts. 15, 16 However, thapsigargin did not induce apparent activation of autophagy pathways except for the only modest elevation of p62 phosphorylation in VSMCs. Of note, Gipie knockdown had no influence on autophagy-related proteins under either normal growth conditions or ER stress conditions ( Figure II in the online-only Data Supplement).
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Gipie Knockdown Increases Apoptosis and Impairs Cell Proliferation in hVSMCs
As JNK activation leads to cell apoptosis, we assessed the effects of Gipie on the apoptosis of hVSMCs using a terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) technique. We counted the proportion of TUNEL-positive cells under the normal growth condition and under ER stress caused by thapsigargin. The number of TUNEL-positive cells was significantly increased by Gipie knockdown under both the growth condition (2.4% versus 7.1%; P<0.01) and ER stress condition (8.4% versus 14.6%; P<0.05; Figure 2A ), which was rescued by the inhibitors of JNK (SP600125) and caspases (Z-VAD-FMK) but not by the autophagy inhibitor (3-methyladenine; Figure III in the online-only Data Supplement).
We also examined the effects of Gipie knockdown on the cell cycle using immunostaining for proliferating cell nuclear antigen. The results showed that the depletion of Gipie did not affect the number of proliferating cell nuclear antigen positive cells under either the growth condition (16.0% versus 19.4%; P=0.57) or ER stress condition (16.4% versus 19.2%; P=0.57; Figure 2B ). We furthermore performed the immunocytochemical analysis using an anti-Ki67 antibody and the cell cycle analysis using flow cytometry, both of which revealed no significant differences between the control and Gipie-depleted VSMCs ( Figure IV in the online-only Data Supplement).
The production of a series of secreted proteins causes physiological ER stress in some kinds of cells. 17, 18 Collagen I is one of the most abundantly secreted proteins in the synthetic phenotype hVSMCs, and the modification of procollagen I in the ER and Golgi apparatus is essential for the maturation of collagen I. [19] [20] [21] Thus, we examined the effects of Gipie knockdown on the maturation of collagen I in hVSMCs to elucidate the participation of Gipie in the ER function under mild or physiological ER stress. A Western blot analysis showed that knockdown of Gipie decreased the production of the mature forms of collagen I incubated in the presence of ascorbate ( Figure 2C ). These data showed that Gipie is essential for the maturation of collagen I in hVSMCs and suggested that Gipie might be involved in the modification of the secreted proteins in the ER or Golgi apparatus under mild or physiological ER stress conditions.
To evaluate the effects of Gipie on the proliferation of hVSMCs, we performed the MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt] colorimetric assay. We depleted Gipie by small interfering RNA and measured the cell proliferation using the MTS assay. The results showed that the proliferation of the Gipie-depleted cells was markedly suppressed on days 3 and 5 compared with the control cells ( Figure 2D ), which was rescued by the caspases inhibitor ( Figure V in the online-only Data Supplement). We furthermore evaluated the effect of Gipie knockdown on migration of hVSMCs, which revealed no significant difference between the control and Gipie-depleted VSMCs ( Figure VI in the online-only Data Supplement). These results showed that Gipie knockdown increased the apoptosis and impaired cell proliferation, without affecting the cell cycle and migration of hVSMCs. These hVSMCs were transfected with either control or Gipiespecific small interfering RNA (siRNA). Immunoprecipitates with the anti-Gipie antibody and total cell lysates were subjected to Western blot analyses with the indicated antibodies. B, The subcellular localization of endogenous Gipie in the synthetic phenotype hVSMCs. Cells were fixed and stained with anti-Gipie (green) and anti-GM130, anti-PDI, or anti-KDEL (red) antibodies, respectively. Nuclei were visualized with Hoechst staining (blue). The regions within the boxes are shown at higher magnification (right). Scale bar, 10 μm. C, The expression of Gipie and unfolded protein response (UPR)-related proteins in hVSMCs induced by endoplasmic reticulum (ER) stress. hVSMCs were incubated with thapsigargin (TG) at 1 μmol/L for the indicated times. Total cell lysates were subjected to Western blot analyses with the indicated antibodies. D, Gipie regulates the UPR signaling in hVSMCs. hVSMCs transfected with either control or Gipiespecific siRNA were incubated with or without TG at 1 μmol/L for 8 hours. Total cell lysates were subjected to Western blot analyses with the indicated antibodies. The phosphorylation level of c-Jun N-terminal kinase (JNK) was quantified by densitometric scanning. The values are presented as the fold increase in density relative to the control siRNA TG (−; n=3). IB indicates immunoblotting; IP, immunoprecipitation; P-eIF2a, phospho-eukaryotic translation initiation factor 2A; P-IRE1α, phospho-inositol-requiring protein 1α; PDI, protein disulfide isomerase; P-PERK, phospho-protein kinase regulated by RNA-like endoplasmic reticulum kinase; and P-XBP1, phospho-X-box binding protein 1.
Collectively, our data suggest that Gipie is involved in ER stress signaling in VSMCs, regulating the cell survival and maturation of collagen I.
Expression of Gipie Was Induced After Balloon Injury in the Rat Carotid Artery
It is well established that stimulated synthetic type VSMCs migrate to the luminal area of an injured artery, proliferate, and produce extracellular matrix to form neointima. 2, 22 Thus, we investigated the role of Gipie in a rat vascular injury model. To elucidate the in vivo expression of Gipie, we performed an immunohistochemical analysis on sections from uninjured and injured rat carotid arteries. The immunohistochemical analysis showed that the expression of Gipie was found sporadically in the endothelial cells in the uninjured artery but rarely in the medial cells ( Figure 3A ). On days 9 and 14 after balloon injury, Gipie was expressed in most of the neointimal cells (arrows) and some of the medial cells (arrowheads). More Gipieexpressing cells were observed in the luminal layers of the media rather than in the outer layers. Gipie was partially colocalized with KDEL in the neointima and media. On day 42, the expression of Gipie was largely attenuated and observed faintly in the neointimal cells close to the media. These data are consistent with the in vitro data shown in Figure 1A and 1B; Figure IA in the online-only Data Supplement. We confirmed the expression level of Gipie after balloon injury biochemically using Western blot analyses of protein extracts from whole carotid arteries. These studies showed that the Gipie expression increased over time and persisted at least 14 days after balloon injury, whereas only weak expression of Gipie was detected in the uninjured artery ( Figure 3B ). The Western blot analysis also revealed that Gipie expression was dominantly detected in the neointima ( Figure 3C ). The phosphorylation level of JNK and protein kinase regulated by RNA-like ER kinase and the expression levels of ER stress-related proteins were also increased after balloon injury ( Figure 3B ). These data suggested that the vascular injury elicited ER stress, and Gipie expression was increased as the VSMCs changed from a contractile to synthetic phenotype and the neointima grew thicker.
Gipie Knockdown Attenuates Neointima Formation After Balloon Injury
To elucidate the participation of Gipie in vascular remodeling, we infected the injured arteries with an adenoviral vector (Ad) encoding control short hairpin RNA (Ad-sh-control) or short hairpin RNA targeting Gipie (Ad-sh-Gipie) immediately after balloon injury. The Western blot analyses showed effective knockdown of Gipie in the rat carotid artery ( Figure 4A ). Moreover, the phosphorylation level of JNK and the amount of cleaved caspase-3 were augmented, and the amount of mature collagen I was attenuated by Gipie knockdown. In contrast, Gipie knockdown did not affect the expression level of CHOP (C/EBP homologous protein) or the phenotype of neointimal VSMCs ( Figure 4A ; Figure VII in the online-only Data Supplement). These data were consistent with the results of in vitro experiments ( Figures 1D and 2C ; Figure IB in the online-only Data Supplement). We investigated the effects of Gipie knockdown on the neointimal thickness after balloon injury. The intima/media (I/M) area ratios of Ad-sh-Gipie and Ad-sh-control infected arteries were 0.27 versus 0.51 (P<0.01) on day 9 and 0.73 versus 1.19 (P<0.05) on day 14, respectively ( Figure 4B and 4C ). However, the medial area and circumference of Ad-sh-Gipie-infected arteries were similar to those of Ad-sh-control-infected arteries ( Figure 4D and 4E). These results showed that the neointima formation of Ad-sh-Gipie-infected arteries was significantly attenuated compared with that of Ad-sh-control-infected arteries, resulting in a smaller I/M area ratio. Figure 2 . Gipie knockdown increases apoptosis and attenuates the proliferation of human vascular smooth muscle cells (hVSMCs), without affecting the cell cycle. A, Gipie knockdown increases the apoptosis in hVSMCs. Cells were transfected with small interfering RNA (siRNA) targeting Gipie or control siRNA, followed by incubation with or without thapsigargin (TG) at 1 μmol/L for 8 hours. Cells were subjected to TUNEL analyses (green) to detect apoptosis, and nuclei were visualized with Hoechst (blue). A quantitative analysis of TUNEL-positive cells was performed. Scale bar, 50 μm; n=4 for each group. B, Gipie knockdown does not affect the cell cycle in hVSMCs. Cells were transfected with siRNA targeting Gipie or control siRNA, followed by incubation with or without TG at 1 μmol/L for 8 hours. Cells were subjected to immunofluorescence staining using an antiproliferation cell nuclear antigen (PCNA) antibody (green), and nuclei were visualized with Hoechst (blue). A quantitative analysis of PCNA-positive cells was performed. Scale bars, 50 μm; n=4 for each group. C, Gipie is essential for the maturation of collagen I in hVSMCs. Cells transfected with siRNA against Gipie or control siRNA were incubated in the absence or presence of ascorbate (ASC) for 3 days. Lysates were subjected to Western blot analyses with the indicated antibodies. D, The results of the cell proliferation assay using the MTS colorimetric assay. Cells transfected with indicated siRNA were plated in 24-well plates 48 hours after transfection. The absorbance of control cells on day 1 was defined as 1. n=4 for each group. OD indicates optical density.
Inhibitory Effect of Gipie Knockdown on Neointima Formation Is Not Attributable to Accelerated Re-Endothelialization
It is known that re-endothelialization plays an important role in vascular remodeling. It is generally accepted that earlier reendothelialization is associated with a thinner neointima. 23, 24 Thus, we also investigated the effect of Gipie knockdown on the re-endothelialization of the injured artery. The carotid arteries were stained with Evans blue to evaluate the re-endothelialized area. 25 The area where the endothelial cells are still denuded is stained blue, whereas the re-endothelialized area remains white ( Figure 4F, top) . The re-endothelialized area of the Ad-sh-Gipie-infected artery was 55.2% and that of the Ad-sh-control-infected artery was 56.4% (P=0.66) ( Figure 4G ). This indicated that the inhibitory effect of Gipie knockdown on the neointima formation was not related to accelerated re-endothelialization, suggesting that Gipie directly affected the cellular context in neointima.
Gipie Knockdown Increases Apoptotic Cells in the Neointima After Balloon Injury but Does Not Affect the Cell Cycle
The apoptosis of VSMCs occurs soon after vascular injury, and the balance between the apoptosis and proliferation of VSMCs determines the final neointimal thickness. 26 Thus, we asked whether Gipie was associated with the apoptosis and cell cycling of neointimal cells. We performed TUNEL and proliferating cell nuclear antigen staining on sections from the rat carotid arteries. The number of TUNEL-positive cells in the neointima significantly increased in the Ad-sh-Gipieinfected arteries compared with Ad-sh-control-infected arteries on day 9 (6.2% versus 2.8%; P<0.05) and day 14 (1.5% versus 0.6%, P<0.05), respectively ( Figure 5A and 5B) . In contrast, the knockdown of Gipie had no significant effect on the proliferating cell nuclear antigen indices in the neointima on day 9 (18.3% versus 21.8%; P=0.26) or day 14 (18.0% versus 18.9%; P=0.68; Figure 5C and 5D), consistent with the results of our in vitro studies (Figure 2A and 2B) . These data suggested that Gipie is involved in the apoptosis of neointimal cells but not in the cell cycling.
Overexpression of Gipie Promotes Neointima Formation After Vascular Injury
It was of interest to determine whether Gipie overexpression has the opposite effect of Gipie depletion on the neointima formation after vascular injury. We therefore infected the balloon-injured rat arteries with an Ad-Gipie-V5 vector, which exogenously expresses Gipie with the V5 epitope (Gipie-V5) or with Ad-enhanced green fluorescent protein as a control.
The results showed that overexpression of Gipie significantly increased the I/M area ratio on day 14 after balloon injury compared with the control (1.53 versus 1.11; P<0.05) ( Figure 6A and 6B). The medial area of the Ad-Gipie-V5-infected arteries did not differ from that of Ad-enhanced green fluorescent protein-infected arteries ( Figure 6C ). We also performed TUNEL staining on sections from the rat carotid arteries infected with either Ad-Gipie-V5 or Ad-enhanced green fluorescent protein. The proportion of TUNEL-positive cells in the neointima was significantly decreased in Ad-Gipie-V5-infected arteries compared with Ad-enhanced green fluorescent protein-infected arteries on day 9 (1.3% versus 3.8%; P<0.05), although there was no significant difference on day 14, probably because of the low incidence of apoptosis (0.3% versus 0.6%; P=0.26; Figure 6D and 6E). The Western blot analysis showed that the overexpression of Gipie attenuated the phosphorylation level of JNK ( Figure VIII in the online-only Data Supplement). These results showed that the overexpression of Gipie attenuated the apoptosis in the neointima, and increased the neointima formation after vascular injury.
Discussion
In this study, we demonstrated that Gipie is predominantly expressed in synthetic phenotype hVSMCs and participates in ER-related signal transduction under physiological and ER stress conditions, where it regulates the maturation of synthesized proteins and the cell survival. In the balloon injury model, Gipie knockdown suppressed the neointima formation, with increased apoptotic cells and reduced mature collagen I, whereas the overexpression of Gipie increased the neointimal thickening with fewer apoptotic cells. These results indicate that Gipie regulates the UPR balance to protect the process of neointima formation. Our data suggest that Gipie may function as a fine tuner of the cellular response to ER stress.
We previously reported that Gipie regulated the cell survival under severe ER stress caused by thapsigargin. 11 The results of this study indicated that Gipie might participate in the modification of nascently synthesized proteins in the ER or Golgi apparatus under normal or relatively mild ER stress conditions. Recent studies have reported that a broad variety of UPR responses occur during differentiation and development. 27 The expression of Gipie may be a proactive engagement process for the production of abundant extracellular matrix in the synthetic VSMCs. Future studies will be needed to address the mechanisms by which Gipie regulates the modification of proteins and to obtain a comprehensive picture of the roles of Gipie under physiological conditions or mild UPR activation.
Our present data also demonstrated that Gipie knockdown increased the phosphorylation level of JNK, leading to increased apoptosis (Figures 1D, 2A, and 2D ). Taken together with the observation of impaired collagen I maturation, the decrease in cell proliferation by Gipie knockdown could be attributed to increased apoptosis through both enhancement of the IRE1α/JNK signaling pathway and anoikis resulting from impaired extracellular matrix production. Gipie knockdown augmented the phosphorylation level of JNK under both physiological and ER stress conditions without affecting the splicing of X-box binding protein 1, which was consistent with our previous observations in endothelial cells. 11 A recent study reported that several processes were needed for IRE1α to be fully activated. 28 Although the precise mechanism(s) remain unclear, the interaction of Gipie with GRP78 may focally regulate some of those processes. Further studies will be needed to elucidate the regulation of the IRE1α signaling pathway by Gipie. We revealed that Gipie knockdown using short hairpin RNA promoted the apoptosis of neointimal cells ( Figures 4B  and 5A) . Moreover, the expression of mature collagen I on day 7 after balloon injury was attenuated by knockdown of Gipie. Collectively, this suggests that the knockdown of Gipie suppressed the neointima formation by impairing the proliferation of neointimal cells and the appropriate production of extracellular matrix. In contrast, we demonstrated that the overexpression of Gipie increased the neointima formation after vascular injury, probably because of decreased apoptosis of neointimal cells. Our observation is the first evidence to show that Gipie protects cells from apoptosis induced by ER stress in an in vivo disease model. It is of note that ER stress triggers both cell protective and apoptotic responses, depending on its intensity and duration. Therefore, targeting all ER stress pathways may not have a favorable effect on clinical diseases. With regard to the neointima formation after vascular injury, the cytoprotective role of the UPR in neointimal cells would have an adverse effect, resulting in restenosis after angioplasty. Our data suggest that the regulation of ER stress by Gipie may be a promising therapeutic target for vascular proliferative diseases. Figure 5 . Gipie knockdown increases apoptosis in the neointima after balloon injury but does not affect the cell cycle. A, Gipie knockdown increases the level of apoptosis in the neointima after balloon injury. The rat carotid arteries on days 9 and 14 after balloon injury were subjected to TUNEL staining (green). Nuclei were visualized with TOPRO (red). Scale bar, 50 μm. B, Quantification of the TUNEL-positive cells in the neointima; n=5 for each group. C, Gipie knockdown does not affect the regulation of the cell cycle in the injured arteries. The rat carotid arteries on days 9 and 14 after balloon injury were subjected to immunofluorescence staining using an anti-proliferation cell nuclear antigen (PCNA) antibody (green). Nuclei were visualized with TOPRO (red). Scale bar, 50 μm. D, Quantification of the PCNA-positive cells in the neointima; n=5 for each group. Ad-sh-control indicates adenoviral vector encoding control short hairpin RNA; Ad-sh-Gipie, adenoviral vector encoding short hairpin RNA targeting Gipie; and N.S., nonsignificant. Figure 6 . The overexpression of Gipie increases the neointima thickness after balloon injury. A, Representative photomicrographs of cross-sections of the rat carotid arteries on days 9 and 14 after balloon injury, after staining with hematoxylin/eosin. Scale bar, 300 μm. B and C, Quantification of the intima/media area ratio and medial area on days 9 and 14; n=5 for each group. D, Overexpression of Gipie decreases the number of apoptotic cells in the neointima after balloon injury. The rat carotid arteries on days 9 and 14 after balloon injury were subjected to TUNEL staining (green). Nuclei were visualized with Hoechst (blue). Scale bar, 50 μm. E, Quantification of the TUNEL-positive cells in the neointima; n=5 for each group. Ad indicates adenoviral vector; and EGFP, enhanced green fluorescent protein.
Although previous studies have shown that ER stress is induced in the neointima after vascular injury, its biological significance has remained unclear. This study demonstrated that Gipie participated in the IRE1α signaling in VSMCs, where it regulated the cell survival and protein maturation. In a balloon injury model using a rat carotid artery, the depletion of Gipie increased the apoptosis of neointimal cells and reduced the production of mature collagen I, resulting in suppressed neointimal thickening. Conversely, the overexpression of Gipie decreased the number of apoptotic cells and augmented neointima formation. These results suggest that Gipie mediates a cellular response to ER stress to be antiapoptotic, at least in the rat carotid artery vascular injury model. Our study indicates that Gipie functions as a conductor of the cellular response against ER stress in VSMCs and may be a promising therapeutic target for vascular proliferative diseases.
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